Abstract: Structural defects in the molybdenum disulfide (MoS 2 ) monolayer are widely known for strongly altering its properties. Therefore, a deep understanding of these structural defects and how they affect MoS 2 electronic properties is of fundamental importance. Here, we report on the incorporation of atomic hydrogen in mono-layered MoS 2 to tune its structural defects. We demonstrate that the electronic properties of single layer MoS 2 can be tuned from the intrinsic electron (n) to hole (p) doping via controlled exposure to atomic hydrogen at room temperature. Moreover, this hydrogenation process represents a viable technique to completely saturate the sulfur vacancies present in the MoS 2 flakes. The successful incorporation of hydrogen in MoS 2 leads to the modification of the electronic properties as evidenced by high resolution X-ray photoemission spectroscopy and density functional theory calculations. Micro-Raman spectroscopy and angle resolved photoemission spectroscopy measurements show the high quality of the hydrogenated MoS 2 confirming the efficiency of our hydrogenation process. These results demonstrate that the MoS 2 hydrogenation could be a significant and efficient way to achieve tunable doping of transition metal dichalcogenides (TMD) materials with non-TMD elements.
graphene that does not have a bandgap, they exhibit attractive properties such as indirect-to-direct bandgap crossover with decreasing number of atomic layers and strong photoresponses. [1] [2] [3] Moreover, 2D MX 2 materials have interesting electronic structure i.e. their tunable bandgap by varying the layer thickness and strain, 4,5 their edge-dependent semiconducting-to-metallic transitions, 6 in addition to the transformations between different SMo-S atoms stacking geometries (for instance, 2H to 1T phase of monolayer MoS 2 7 ). In contrast to graphene where only small bandgap (few hundred meV) can be opened by strain and other methods, 8 large bandgap tunability can be obtained with 2D MX 2 where we can switch from a semiconducting (with a few eV bandgap) to a metallic form. 9 This large tunability allows broadening the applications of MX 2 in nanoelectronic devices.
Furthermore, the presence of defects can induce deep gap states responsible for the intrinsic doping of these materials. 10, 11 For instance, in the case of MoS 2 , sulfur mono-vacancies represent the defects with the lowest formation energy 12-14 and the most common generally present in MoS 2 flakes. 12 In particular, these sulfur vacancies (Sv) cause the presence of unsaturated electrons in the surrounding Mo atoms and act as electrons donors 15, 16 responsible for the n-type doping of MoS 2 . 17 It has already been demonstrated that the intercalation of oxygen, 18 nitrogen, 19 or niobium 20 can reduce the intrinsic doping of MoS 2 . Recent experiments using mainly
Raman spectroscopy and high resolution X-ray photoemission spectroscopy (HR-XPS) demonstrated that the n doped MoS 2 can be tuned to p doped by N 2 plasma. 21 The introduction of dopants in MoS 2 lattice represents a potential route to achieve stable MoS 2 with different functionalities. Therefore, it is crucial to develop controllable techniques to make possible the tunability of MoS 2 properties without degrading the quality of MoS 2 flakes.
In this work we report an easy and effective chemical doping method by hydrogen atoms, already used as dopants for graphene 22, 23 and we show that hydrogen represents an effective way to passivate sulfur vacancies.
We study the electronic properties of the hydrogen-doped MoS 2 , by exposing the sample to atomic hydrogen gas. HR-XPS studies reveal the n type doping of pristine single layer MoS 2 which is also confirmed by the measurement of the valence band maximum (VBM). We demonstrate that the atomic hydrogen doping can tune this intrinsic n doping until reaching p doped MoS 2 . The analysis of the total density of states (LDOS) of the hydrogenated MoS 2 by first principle calculations using density functional theory (DFT) shows the presence of new gap states close to the VBM, confirming the p-type behavior of the hydrogenated MoS 2 on graphene. We also checked the quality of the hydrogenated-MoS 2 using angle resolved photoemission spectroscopy (ARPES) measurements, which show sharp band structures. These results confirm the validity of the doping process without a degradation of the MoS 2 flakes.
Results and discussions:
We used p-type graphene substrate obtained by hydrogenation of epitaxial graphene. This bilayer graphene/SiC(0001) presents several advantages. The graphene/SiC is conducting therefore particularly suited for XPS/ARPES measurements 24 . Also, the graphene presents a chemically inert surface due to the strong coupling of all its p z atomic orbitals which are stabilized in a giant delocalized  bonding system. 25, 26 This configuration inhibits the possibility of covalent addition and then the interaction with atomic hydrogen.
Moreover, the pre-hydrogenation treatment of the graphene/SiC substrate,dangling bonds present at the SiC/buffer layer interface, 22 preventing the hydrogen intercalation in graphene during the MoS 2 treatment. Large (20-100 µm) MoS 2 flakes are grown by chemical vapor deposition (CVD) and then further deposited on the p doped bilayer graphene substrate using wet transfer process. 28 To further clean the surface and interface of the MoS 2 /graphene heterostructure, we annealed the samples at T = 300°C for 30 min in ultra-high vacuum (UHV) (P ≈ 10 -10 mbar). 29 More details about the growth and sample preparation are given in the method section.
After the transfer, the quality of the MoS 2 flakes was verified by Raman spectroscopy. The two Raman maps in To examine the atomic composition as well as the chemical bonding environment of our samples, HR-XPS measurements at room temperature were carried out for pristine and hydrogen doped MoS 2 . The spectra were collected in a surface sensitive condition at a photon energy at h = 340 eV (the photoelectrons were detected at 0° from the sample surface normal ⃗ and at 46° from the polarization vector ⃗ ). The C-1s spectrum corresponding to the underlayer p doped graphene is shown in Figure S1 . The experimental data points are displayed as dots. The solid line is the envelope of fitted components. The pristine underlayer C1s spectra consist of two components located at the binding energies of 282.5 and 284.3 eV. These components correspond to bulk SiC and bilayer graphene, respectively. 27 The shape and the position of the C 1s peak, arising from the graphene and the SiC underlayer, have not changed after the exposition to three hydrogen doses, with respect to the pristine one. This confirms that the hydrogen did not interact with the graphene/SiC underlayer. The evolution of the Mo 3d and S 2p peaks from the pristine MoS 2 through the three different hydrogen doses are shown in Figure   2 ) for the second hydrogen dose. We notice that the spectra in ARPES measurement, perpendicular to the -K direction of the p-doped graphene underlayer BZ before and after the hydrogenation of MoS 2 /p-doped graphene underlayer, are shown in the supplementary information in Figure S2 . In this intensity map, the graphene underlayer presents two  bands, which is the clear signature of the interlayer decoupling induced by the hydrogenation of the epitaxial graphene giving rise to a quasi-free standing bilayer graphene and a completely saturated SiC surface. Moreover, in this sample orientation, the two branches of the graphene π bands can be observed 43 allowing the determination of the Dirac point position with respect to the FL. Close inspection of the dispersion relation around K reveals that the FL is located at 0.25 eV below the Dirac points for the pristine MoS 2 /graphene heterostructure and is not modified after the hydrogen dose. This value corresponds to a hole doping level of the graphene underlayer of about 3.8 × 10 12 cm -2 .
In order to probe the effects of atomic hydrogen on the electronic properties of hydrogen doped MoS 2 (8  10 4 L), we performed micro-Raman spectroscopy on two flakes with the same orientation angle with respect to the graphene underlying substrate. This choice is made so that we can assume that the flakes are subjected to the same orientation-induced strain. 36, 44, 45 In Figure 4( Photoluminescence (PL) spectra of pristine and hydrogenated MoS 2 are provided in Figure S3 . We notice that the PL intensity decreases after hydrogenation; this PL quenching can be explained by the suppression of defects from MoS 2 at room temperature as was observed for pristine and irradiated MoS 2 . 14 This confirms again that the used process is noninvasive and that it is possible to hydrogenate MoS 2 even with better quality.
In order to gain insights into this doping change from n to p of the MoS 2 flakes we performed first principle calculations based on DFT. 
Conclusions:
In summary, we conducted a comprehensive study of the interaction of atomic hydrogen with monolayer MoS 2 .
The pristine MoS 2 has sulfur vacancies, which are responsible for its intrinsic n-type doping. flakes, control, and switch from n to p the intrinsic as-grown doping. Such control of doping in 2D TMDs is of great importance for potential nanoscale, flexible devices applications based on these materials.
Methods:
Bilayer graphene on SiC(0001): Bilayer graphene was produced by thermal heating the SiC(0001) substrate.
Before the graphitization, the substrate was etched with hydrogen (100% H 2 ) at 1550 °C to produce well-ordered atomic terraces of SiC. The substrate was heated to 1000 °C and then further heated at 1550 °C under argon (800 mbar). This procedure has been repeated twice, after each the sample was fully characterized by means of XPS measurements.
Growth and transfer of MoS

HR-XPS:
HR-XPS experiments were carried out on the TEMPO beamline 55 (SOLEIL French synchrotron facility) at room temperature. The photon source was a HU80 Apple II undulator set to deliver horizontally linearly polarized light. The photon energy was selected using a high-resolution plane grating monochromator, with a resolving power E/ΔE that can reach 15,000 on the whole energy range (45 -1500 eV). During the XPS measurements, the photoelectrons were detected at 0° from the sample surface normal ⃗ ⃗ and at 46° from the polarization vector ⃗ ⃗ . The spot size was 80 × 40 (H×V) μm 2 .
A Shirley background was subtracted in all core level spectra. The C 1s spectrum was fitted by a sum of a Gaussian function convoluted with a Doniach-Sunjic lineshape. An asymmetry factor α was used, where α = 0.1 eV (peak G) and α = 0 eV (SiC). The Mo 3d and S 2p spectra were fitted by sums of Voigt curves, i.e, the convolution of a Gaussian (of full-width at half-maximum GW) by a Lorentzian (of full-width at half-maximum LW). The LW was fixed at 90 meV for Mo 3d and S 2p.
Angle-resolved Photoemission spectroscopy:
The ARPES measurements were conducted at the CASSIOPEE beamline of Synchrotron SOLEIL (Saint-Aubin, France). We used horizontally linearly polarized photons of 50 eV and a hemispherical electron analyzer with vertical slits to allow band mapping. The total angle and energy resolutions were 0.25° and 25 meV. The mean diameter of the incident photon beam was smaller than 50 µm.
All ARPES experiments were done at room temperature.
DFT calculations: First-principles calculations have been performed using a very efficient DFT localized orbital molecular dynamic technique (FIREBALL). 56, 57 Basis sets of sp3d5 for S and Mo were used with cutoff radii (in atomic units) s = 3.9, p = 4.5, d = 5.0 (S) and s = 5.0, p = 4.5, d = 4.8 (Mo). 45 In this study we have considered a standard (5x5) unit cell of MoS 2 that has been optimized as a pristine, with an S vacancy and with an H-filled S vacancy, before calculating the corresponding DOS.
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